Objective-Calcific aortic valve disease (CAVD) is a major public health problem with no effective treatment available other than surgery. We previously showed that mature heart valves calcify in response to retinoic acid (RA) treatment through downregulation of the SRY transcription factor Sox9. In this study, we investigated the effects of excess vitamin A and its metabolite RA on heart valve structure and function in vivo and examined the molecular mechanisms of RA signaling during the calcification process in vitro. Methods and Results-Using a combination of approaches, we defined calcific aortic valve disease pathogenesis in mice fed 200 IU/g and 20 IU/g of retinyl palmitate for 12 months at molecular, cellular, and functional levels. We show that mice fed excess vitamin A develop aortic valve stenosis and leaflet calcification associated with increased expression of osteogenic genes and decreased expression of cartilaginous markers. Using a pharmacological approach, we show that RA-mediated Sox9 repression and calcification is regulated by classical RA signaling and requires both RA and retinoid X receptors.
C alcific aortic valve disease (CAVD) is the most prevalent valvular disorder and a major contributor to adult cardiac pathology, affecting nearly 30% of adults aged >65 years. 1 Healthy mature aortic valve cusps are composed of 3 stratified layers of extracellular matrix (ECM), and several proteins within these layers share molecular characteristics with cartilage including expression of type II collagen (col2a1). 2 In contrast, calcified valves are characterized by alterations in ECM stratification, formation of calcific nodules, and increased expression of osteogenic genes including Spp1 and Runx2. [3] [4] [5] Collectively, these abnormal changes alter the biomechanics of the valve leading to less supple and more stiffened, or stenotic valve cusps. 2 At present, valve replacement surgery is the only effective treatment for aortic stenosis and CAVD, and no medical therapies exist to prevent disease progression. 6 Despite the clinical significance, the underlying mechanisms that promote abnormal bone-like processes in the valves remain largely unknown. Over the past several years, a number of clinical, genetic, and anatomic risk factors for CAVD have been identified 1, 7, 8 with influence from the environment and habitual lifestyles. Understanding the contribution of these risk factors to the pathogenesis of CAVD has been greatly improved by studies using mouse models, [9] [10] [11] [12] [13] [14] including hypercholestrolemic diets previously shown to promote aortic valve disease and CAVD onset in vivo. 10, 15 Retinoic acid (RA) is the active metabolite of vitamin A (retinol) that is supplied to the body from dietary sources largely in the form of carotenoids. 16 Once in the circulation and target tissues, active retinoids function as signaling molecules to specify cell identities and control gene expression. 17 RA signals through specific nuclear receptors, including the RA receptor (RAR) and retinoid X receptor (RXR) families that each consist of 3 isoforms: α(a), β(b), and γ(g). 18 Signaling through these receptors is involved in many key cellular processes, including cell differentiation, cell cycle control, cell growth, and cellular responses to injury, and has been implicated in the pathogenesis of obesity, diabetes mellitus, and cardiovascular disease. 19 The most fundamental mechanism of action of retinoids is through transcriptional regulation of RA responsive nuclear receptors, which is dependent on the formation of dimers. RXR can signal as a homodimer or act as a heterodimeric partner for other February 2013 nuclear receptors, such as RAR or vitamin D receptors. These complexes then bind to specific response elements including RA response elements located in enhancer regions of target genes to modulate positive and negative function. 18 In the heart, genetic and pharmacological approaches to add excess or remove RA in the embryo have revealed essential roles during cardiogenesis. Alterations in RA signaling in several animal model systems recapitulate phenotypes associated with human congenital heart defects, including DiGeorge Syndrome, 20,21 transposition of the great arteries, 22 ventricular septal defects, persistent truncus arteriosus, double outlet right ventricle, 23 hypoplastic ventricular chambers, 24 and tetralogy of fallot. 25 Defects of the outflow tract are largely attributed to the established roles that RA signaling plays in cardiac neural crest and second heart field cell lineages, [26] [27] [28] whereas hypoplastic ventricular phenotypes observed in RA mutant mice 24, 29 have been reported to be the result of altered signaling in nonmyocyte cell lineages, 30 including cardiac progenitors 31, 32 and epicardially derived cells. [33] [34] [35] In addition to these structures, endocardial cushion abnormalities in the outflow tract and atrioventricular regions are apparent in mice depleted of RXRα 23 and RALDH2, 36 therefore suggesting a role in early valve formation. Because of premature lethality of these mice, the role of RA on valve maturation could not be examined; however, previous work from our laboratory suggests that high RA signaling promotes abnormal changes in the composition of connective tissue within the mature valve leaflets leading to calcification in vitro. 37 We further showed that RA-induced calcification is mediated through repression of Sox9, an SRY transcription factor previously shown to promote cartilagelike phenotypes and prevent bone-like processes in healthy valves, similar to its role in the skeletal system. 38 The importance of tightly regulated RA signaling on heart development in the embryo has been extensively examined; however, the effects of altered retinoid activity on cardiac structure and function after birth remain largely unknown. On the basis of our previous observations identifying a role for RA in regulating heart valve connective tissue homeostasis, the goal of this current study was to determine the effects of excess vitamin A and RA signaling on valve structure and function in vivo and examine the molecular mechanisms of RA signaling on Sox9 during this process. Our findings show that increased dietary intake of retinyl palmitate in mice at levels previously shown to induce hypervitaminosis A leads to aortic valve stenosis associated with leaflet calcification. Using an established explant system, we describe that RA-mediated calcification via repression of Sox9 requires both RAR and RXR function in vitro. This decrease in Sox9 is associated with increased expression of the osteogenic target gene Spp1 and downregulation of the cartilaginous collagen type, Col2a1, 39 therefore suggesting that in mature heart valves, high RA signaling as a result of excess dietary vitamin A intake represses Sox9 and promotes formation of bone-like calcific nodules at the expense of healthy cartilaginous connective tissue. Together, these observations could provide insights into a previously unappreciated risk factor of CAVD related to increased intake of vitamin A derivatives in the human population.
Materials and Methods
Wild-type C57BL/6J mice were fed either regular chow mix containing 20 IU/g of retinol as retinyl palmitate (Harlan, TD.93160) or a modified excess vitamin A chow containing 200 IU/g retinyl palmitate (Harlan, TD.110146) for a period of 12 months and subjected to echocardiography as described. 40 After functional analysis, RNA was extracted from aortic valves or whole hearts and cDNA generated for quantitative real-time polymerase chain reaction as described. 37 Alternatively, whole hearts were fixed and sectioned for histological staining as described. 40 For in vitro studies, postnatal mouse or embryonic day (E)10 chick mitral and aortic valve explants were treated with ATRA (Sigma, 1 µmol/L), 9-cis-RA (Enzo, 1 µmol/L), LE540 (100 µmol/L), PA452 (100 µmol/L), AM580 (Tocris Bioscience, 1 µmol/L), adapalene (Tocris Bioscience, 10 µmol/L), or dimethyl sulfoxide (DMSO; 0.001% final concentration) for 48 hours. Explants were then mounted on glass slides and fixed for histological staining, or RNA was extracted for microarray analysis using an Affymetrix Mouse GeneST Array. For a full description of materials and methods see online-only Data Supplement.
Results

Long-Term Excess Dietary Vitamin A Promotes Aortic Valve Stenosis and Calcification
Our previous studies have shown that short-term (48 hours) alltrans RA (ATRA) treatment of murine heart valve explants in vitro promotes calcific phenotypes. 37 To expand these studies and determine the long-term effects of excess retinol exposure in vivo, C57BL/6J wild-type mice were fed either a control diet containing 20 IU/g of retinol as retinyl palmitate from the time of weaning (4 weeks) or a modified diet containing excess vitamin A (200 IU/g retinyl palmitate). Mice fed these levels of dietary vitamin A intake have previously been shown to serve as models for hypervitaminosis A. [41] [42] [43] [44] After 12 months of dietary intake, mice were subjected to histological, molecular, and functional analysis. To examine calcium deposition in aortic valve leaflets, von Kossa staining was performed on tissue sections collected from 13-month-old mice fed control ( Figure 1A ) or the excess vitamin A ( Figure 1B ) diet. As shown in Figure 1C , mice fed excess vitamin A show significantly greater von Kossa reactivity (0.39±0.04%) compared with controls (4.29±0.41%), indicative of calcification. At the molecular level, increased RAR-β (Rarb) expression confirms activation of RAR/RXRmediated signaling 45 in the excess vitamin A experimental group. In addition to changes in RARb, expression of Sox9, Col2a1, Runx2, bone γ-carboxyglutamic acid-containing protein (Bglap), and type I collagen (Col1a1) are all increased in animals after long-term exposure to excess dietary vitamin A ( Figure 1D ), consistent with ongoing calcification processes. 3, 5, 46 Functional analysis by echocardiography reveals significant increases in aortic valve peak pressure gradient ( Figure 1E ) and velocity (Figures 1F-1H) during ventricular systole in mice fed with excess vitamin A diet (n=6), suggesting aortic valve stenosis. These data suggest that long-term exposure to excess dietary vitamin A in mice recapitulates CAVD phenotypes at cellular, molecular, and functional levels.
RA-Mediated Calcification Requires Activity of Both RAR and RXR
Findings from in vivo studies in mice ( Figure 1 ) and our previously published in vitro work 37 support the hypothesis that increased RA signaling promotes heart valve calcification. To further delineate this and determine the molecular mechanisms required for this process, the approximate absolute transcript number of the RAR and RXR isoforms were examined in postnatal mouse aortic and mitral valves, as well as comparable stages in the chicken (embryonic [E] day 10) ( Figure 2 ). In mouse valves, comparable levels of RA receptor isoforms are identified in mitral and aortic valves, with RARα (RARa) being most highly expressed (Figure 2A ). In contrast, RARb and RARγ (RARg) are most predominant in chicken valves ( Figure  2B ). Because RXRa and RXRb isoforms have not been reported in the avian system, they were not included in this analysis.
To determine whether RA functions via classical RA receptor signaling to promote calcification, avian, murine aortic, and mitral valve explants were treated with various pharmacological RAR and RXR agonists and antagonists ( Figure 3A) . At moderate concentrations, it has been shown that ATRA is an elective agonist for RARs, whereas 9-cis activates both RARs and RXRs ( Figure 3A ). 17 As for antagonists, LE540 is as an established pan-antagonist for RARs, and PA452 is known to inhibit RXR function ( Figure 3A ). 47 To determine the efficiency of agonist and antagonist action on RAR and RXR activity, quantitative polymerase chain reaction was used to determine mRNA levels of the RAR/RXR-mediated RA target gene, RARb. 45 As expected, ATRA and 9-cis significantly increase RARb expression over vehicle controls ( Figure 3B ). To examine relative levels of inhibition by the antagonists in this system, agonist activity was set at 100%. Using this approach, we observe that LE540 treatment inhibits ATRA-and 9-cis-mediated RAR activity to 32.95±4.93% and 38.28±5.72%, respectively ( Figure 3C ). For PA452, cotreatment reduces RXR activity to 53.32±9.27%, whereas treatment with both LE540 and PA452 inhibits activity to 5.11±0.05% ( Figure 3D ). These studies confirm the intended pharmacological activation and inhibition of RAR and RXR.
As our previous studies have shown that ATRA treatment promotes calcification via repression of Sox9 37 , we next examined changes in Sox9 expression in response to agonist and antagonist treatments. As shown in Figure 3D , both ATRA and 9-cis significantly repress Sox9 expression in avian E10 aortic valve explants, and this repression is alleviated to levels comparable with vehicle controls when cotreated with LE540. Similarly with 9-cis, LE540 or PA452 treatments significantly prevent 9-cis-mediated Sox9 repression, although treatment with both antagonists is most effective ( Figure 3D ). Similar observations were observed using siRNA to target RAR, RXR, or both RAR and RXR knockdown in C3H10T1/2 cells treated with ATRA, compared with DMSO and nontargeting siRNA controls ( Figure I in the online-only Data Supplement). These data suggest that both RAR and RXR are required to mediate Sox9 repression and calcification by activated RA signaling. Consistent with reduced Sox9 expression in Figure 3 , von Kossa reactivity indicative of calcification is significantly increased with ATRA and 9-cis treatments of avian mitral valve explants and this phenotype is lost when cotreated with LE540, PA452, or both antagonists (Figure 4 ).
RARa and RARb,g Agonist Treatment of Avian Valve Explants Represses Sox9 and Col2a1 Expression and Promotes Spp1
We and others have shown that Sox9 promotes normal cartilaginous phenotypes in heart valves through direct activation of Col2a1 39 and prevents ectopic bone-like calcification potentially through direct repression of Spp1. 48 To examine whether this signaling pathway is downstream of RAR activity during heart valve calcification processes, gene expression analysis was performed in avian E10 and postnatal aortic valve explants treated with selective RAR agonists. To further delineate which RAR isoform might be responsible for this, specific RARa (AM580) and RARb,g (adapalene) agonists were used. As expected, both AM580 and adapelene increased RARb expression in treated avian E10 and murine postnatal aortic valve explants ( Figure 5A ), confirming intended targeting. Similar to ATRA treatment (Figure 3 ), AM580 (RARa) and adapalene (RARb,g) treatments repressed Sox9, suggesting that activity of all 3 RAR isoforms are sufficient to induce Sox9 repression. In addition to Sox9, expression of the cartilaginous marker, Col2a1, was also downregulated, whereas Spp1 associated with osteogenic processes was increased ( Figure 5B and 5C) . In contrast to Spp1, expression of the osteogenic transcription factor Runx2 was not significantly changed in this assay after 48-hour treatment (data not shown). These results suggest that in heart valves, activated RA signaling via RARa,b,g repress Sox9 leading to decreased Col2a1 (cartilage-like) and increased Spp1 (osteogenic).
Microarray Analysis Reveals Significant Changes in Gene Expression Profiles Associated With Bone Development and ECM in Murine Aortic Heart Valves After Short-Term ATRA Treatment
To fully examine the differential gene expression changes in aortic valves in response to short-term ATRA treatment, a high throughput microarray approach was used. Compared with DMSO vehicle controls, a total of 432 probe sets were differentially expressed in ATRA-treated aortic valve explants, with 118 being downregulated and 314 increased. The 432 probe sets were ranked based on false discovery rate (<0.1) and fold change (>2), and the top 100 are listed in Table I in the onlineonly Data Supplement. As expected, these top 100 hits include increased mRNA transcripts associated with RA metabolism and signaling RARb (+4.76-fold), retinol binding protein 1 (rbp1) (+2.10), cytochrome P450 (Cyp26a1) (+2.37), and retinoic acid receptor responder (Rarres2) (+2.73). Of the 432 differentially expressed probe sets, 12 were randomly selected and successfully validated by quantitative polymerase chain reaction using independent cDNA samples ( Table II in the online-only Data Supplement). Gene ontology analysis of the 432 probe sets altered by ATRA treatment revealed significant enrichment of genes associated with bone development and the ECM (Table) . These data suggest that short-term ATRA treatment of aortic valve explants promotes calcification by activating gene expression profiles consistent to that observed in excised human calcified valves. 3, 5 
Discussion
In this study, we determined the effects of excess dietary vitamin A on heart valve structure and function and examined the signaling mechanisms underlying RA-induced changes in the gene expression profiles of valves. We show that long-term hypervitaminosis A in mice leads to aortic valve stenosis and leaflet calcification associated with increased osteogenic gene expression profiles in vivo. Using an established in vitro valve explant culture system, we also determined that RA-induced calcification signals through RAR and RXR, and leads to Sox9 repression and dysregulation of its target genes including decreased Col2a1 and increased Spp1. In support, gene ontology analysis of microarray findings show that gene expression probe sets associated with bone development and ECM processes are enriched in ATRA-treated murine aortic valve explants. These results imply that RA signaling must be tightly regulated in adult mice to maintain heart valve connective tissue homeostasis. Further, findings from this study suggest that excess exposure to retinoids could contribute to CAVD onset and progression in the human population.
Excess Dietary Intake of Vitamin A Promotes Valve Dysfunction in Mice
We show that increased dietary vitamin A intake in adult mice promotes CAVD phenotypes in vivo. In humans, it is estimated that 75% of people ingest more than the recommended daily allowance of vitamin A on a regular basis. 16 In pregnant women, the teratogenic potential of excess vitamin A and β carotene on development of the heart in the embryo have been well established; however, less is known of the longterm effects of hypervitaminosis A on cardiac structure and function in adults. Compared with mice fed 20 IU/g of retinyl palmitate, wild-type mice receiving 10 times excess develop aortic valve stenosis as evident by increased peak pressure gradient and velocity ( Figure 1E-1H ). This functional defect is attributed to formation of calcific nodules on the cusp surface ( Figure 1A-1B ) and increased expression of osteogenic genes ( Figure 1D ), as commonly observed in human patients with CAVD, 1 therefore suggesting that high retinoid exposure is detrimental to heart valve structure and function in mice. In humans, clinical trial studies in smokers or lung cancer patients have shown that excess retinoid exposure is also associated with cardiovascular events and even mortality, although data are conflicting, reporting positive, 49,50 negative, 51 or no 52,53 effects in promoting cardiovascular disease. In mice, 9-cis and β carotene dietary supplements or administration of the synthetic retinoid AM80 is beneficial in the regression of atherosclerotic lesion formation in genetically susceptible mouse models of atherosclerosis. 54, 55 These studies suggest that excess retinoid exposure can have differential effects on the cardiovascular system that may be dependent on existing conditions, and therefore studies to determine whether dietary 
RA Treatment Promotes Osteogenic-and Represses Cartilage-Like Processes in Adult Heart Valve Connective Tissue
Despite valve function deteriorating in mice exposed to excess dietary retinoid intake, no other overt cardiac defects were observed and myocardial contractility was comparable with controls. This suggests that in wild-type adult mice, excess dietary vitamin A does not cause overt changes in all cardiovascular structures but specifically affects connective tissue homeostasis in the valves to promote CAVD. Calcification of other systems, including the vasculature, have previously been associated with high levels of vitamin A and its derivatives. 56, 57 In our previous study, 37 we showed that ATRA treatment promotes valve calcification via downregulation of Sox9 and mice with reduced Sox9 function develop early onset heart valve calcification in vivo. 37 In these mice, calcific phenotypes are associated with increased expression of osteogenic markers and downregulation of cartilaginous genes within the valve structures. 37 Similarly, in this study, our microarray analysis reveals enrichment of gene expression profiles related to bone development (Table, Figure 5 ) and decreased expression of cartilaginous genes ( Figure 5 ). In other systems, ATRA treatment has been shown to promote differentiation of stem cells toward the osteogenic lineage, 58, 59 and negatively regulate chondrogenic phenotypes in the skeletal system as a result of reduced Sox9 activity. 60 All these data suggest that ATRAinduced calcification is converging on the Sox9 pathway, and therefore the opposing effects that ATRA treatment has on cartilage and bone-like processes are likely attributed to altered regulation of Sox9 target genes leading to alleviated repression of the osteogenic glycoprotein Spp1 48 and lost transactivation of Col2a1. 39 Our data showing that RAR and RXR are required for RA-mediated heart valve calcification ( Figures  3 and 4) suggest that Sox9 repression by ATRA is regulated via a classical RA signaling pathway. 61 However, using transcription factor binding site prediction software, canonical RA 
Table. Gene Ontology Analysis of Microarray Data for ATRA-Treated Aortic Valve Explants Compared With DMSO Vehicle Controls Shows Enrichment of Bone Development and Extracellular Matrix Gene Programs
Hypervitaminosis A as a Model of CAVD
Defining the molecular and cellular phenotypes that contribute to the onset and progressive pathogenesis of CAVD has been challenging because of the limited number of suitable animal models available. In this study, we have identified a potentially new model of CAVD induced by increased dietary intake of vitamin A that recapitulates human disease at the functional level ( Figure 1E-1H ). In addition to aortic valve stenosis, positive von Kossa reactivity ( Figure 1A-1B) is associated with increased expression of osteogenic genes Runx2 and Bglap (osteocalcin; Figure 1D ), consistent with previous human 46, 67, 68 and animal 3,37,69,70 studies. As these increases are observed in 13-month-old mice and not in valve explants exposed to short-term ATRA treatment (data not shown), it is considered that Runx2 and Bglap serve as molecular markers of late stage disease which is consistent with human data showing similar increases in adult, but not pediatric valve disease patients. 46, 67 Despite increased Runx2, Spp1 (Osteopontin) expression was not altered in hypervitaminosis A mice, which is in contrast to other models of CAVD. 3, 37, 46, 70 However, high levels of Spp1 were observed in our short-term explant assays, consistent with decreased Sox9 (Figures 3  and 5 ), a known negative regulator. 48 On the basis of these observations and data from our previous studies, 37, 71 we suggest that early Sox9 repression initiates pathological changes in aortic valves and promotes initial calcific nodule formation, whereas increased levels observed in hypervitaminosis A mice and end-stage human degenerative valve disease 46, 72 suggest potential compensatory mechanisms in response to changes in matrix composition. In addition to differential changes in osteogenic and cartilage genes, previous studies have reported active Bmp and Wnt signaling pathways in valve and vascular calcification. 69, 70, 73, 74 By microarray analysis, Bmp2 and Smad3 were increased in short-term ATRA-treated explants; however, changes in pSmad1/5/8 were not observed in our in vivo model (data not shown). Furthermore, expression of b-catenin or Wnt-associated pathways identified from Wikipathways analyses was not significantly altered, therefore suggesting that canonical bone morphogenetic protein and Wnt signaling is not active during late stages of pathogenesis in this mouse model. Collectively, these data suggest that hypervitaminosis A mice recapitulate functional and many molecular phenotypes of human and animal models of CAVD. Further, this study supports work from others identifying early and late markers of disease pathogenesis that may be important for improving diagnosis and therapeutic intervention. Further, these studies highlight the complex, multifactorial nature of CAVD pathogenesis.
Summary and Clinical Perspectives
CAVD was once considered a passive wear and tear disease most common in the aging population; however, more recent work has described it as an actively regulated process characterized by bone-like phenotypes. 1 CAVD onset and progression has been associated with several genetic factors that underlie congenital valve malformations that increase susceptibility to calcification later in life. In addition, several clinical risk factors have been reported, including older age, hypertension, serum lipoprotein levels, and smoking, 1, 8 and although these can be attributed to genetic alterations, habitual lifestyles may also play a role. In this study, we have identified that long-term dietary intake of vitamin A results in aortic valve stenosis and leaflet calcification attributed to RAR/ RXR-dependent repression of Sox9. These studies suggest that patients exposed to retinol-based therapies or dietary hypervitaminosis A may be at an increased risk of developing CAVD. Vitamin A is found in a variety of food sources, and the effects of excess supplementation by pregnant women on the developing embryo have been well described. 16 However, the adverse effects of consuming large doses by healthy adults have been less well studied. Hypervitaminosis A induced by dietary intake may not be highly prevalent in developed countries; however, high retinol levels are more common in people ingesting dietary supplements as a beneficial antioxidant or in patients receiving retinol-based pharmaceuticals, including Accutane and Tegison. 16 At present, CAVD is largely diagnosed from functional analyses, and biomarkers to indicate the clinical value of CAVD pathogenesis remain unknown. On the basis of this current study, retinol levels predicting CAVD susceptibility could improve risk stratification and help determine a therapeutic window to improve patient outcome.
